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For  the  first  time,  Cu(N03)2xH20  (x  <  2.5)  is  investigated  as  a  new  lithium  storage  anode  material  for 
lithium-ion  batteries.  The  impressive  characteristic  of  Cu(N03)2-xH20(x  <  2.5)/Li  cell  is  the  high  initial 
discharge  capacity  reaching  to  around  2200  mAh  g-1.  To  make  a  comparison,  Cu(N03)2-2.5H20  elec¬ 
trodes  are  used  as  raw  materials  and  heat-treated  at  80, 120  and  160  °C.  Among  all  the  three  samples, 
Cu(N03)2xH20  (x  <  2.5)  obtained  at  160  °C  shows  the  highest  reversible  capacity  of  597.6  mAh  g-1  and 
the  best  cycling  stability  after  30  cycles.  The  difference  in  electrochemical  behaviors  is  attributed  to  the 
variation  of  surface  morphology,  crystal  water  and  particles  size  after  heat-treatment  at  different  tem¬ 
peratures.  Besides,  the  thermal  reaction  results  also  show  that  Cu(N03)2xH20  (x  <  2.5)  obtained  at 
160  °C  has  the  highest  thermal  stability  among  all  the  three  samples  after  repeated  cycles.  The  present 
findings  can  provide  the  fact  that  Cu(N03)2  xH20  (<2.5)  may  be  a  promising  anode  material  for  lithium- 
ion  batteries. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  well  known  that  transition  metal  oxides  express  the  ad¬ 
vantages  of  higher  specific  capacity,  better  electrochemical  stability 
and  more  excellent  cycle  retention  than  conventional  carbonaceous 
materials  [1—3].  Among  different  kinds  of  transition  metal  oxides, 
CuO  attracted  more  attentions  because  of  its  high  theoretic  specific 
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capacity  of  670  mAh  g~l  Moreover,  it  is  generally  accepted  that 
different  morphologies  of  CuO,  such  as  nanoflower  [2],  hollow 
dandelion-like  spheres  [4]  and  leaf-shaped  [5],  show  different 
electrochemical  performances  as  anodes  in  lithium-ion  batteries. 
However,  those  transition  metal  oxides  suffer  from  severe  draw¬ 
backs,  such  as  poor  electronic  conductivity  and  huge  polarization  in 
lithium-ion  batteries,  which  are  the  main  hindrances  to  their 
commercial  use.  Due  to  these  limitations,  it  seems  necessary  to  turn 
the  efforts  towards  complex  transition  metal  oxides  [6-8]  or  syn¬ 
thesis  of  transition  metal  oxides/carbon  composites  [9-11  to 
improve  the  electrochemical  properties. 
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Fig.  1.  (a)  XRD  patterns  of  Cu(N03)2-xH20  (x  <  2.5)  samples  obtained  at  different  heat- 
treatment  temperatures  and  (b)  TG-DTA  curves  of  Cu(N03)2-2.5H20  in  argon. 

Most  recently,  many  transition  metal  nitrides  have  been  widely 
studied  as  anode  materials  due  to  their  high  reversibility,  large 
reversible  capacity  and  satisfactory  stability  [12-14].  As  reported 
[12],  CU3N  exhibited  good  cycle  life  and  excellent  rate  capability  as  a 
candidate  anode  material.  Meanwhile,  the  reaction  mechanism  of 
Ge3N4  13]  with  lithium  was  investigated  as  well.  It  exhibits  high 
capacity  of  500  mAh  g-1.  Moreover,  ternary  lithium  transition 
metal  nitrides,  such  as  Li3FeN2  [15]  and  Li7MnN4  [16],  have  been 
introduced  in  the  last  two  decades,  which  show  good  cycle  stability 
and  high  specific  capacity.  However,  those  ternary  lithium  transi¬ 
tion  metal  nitrides  undergo  the  drawback  of  moisture  sensitivity 
before  being  treated  as  electrode  materials  in  lithium-ion  batteries. 

Till  now,  no  report  about  nitrates  as  lithium  storage  materials 
has  been  reported  in  the  past  decades.  In  the  present  work,  copper 
nitrate  hydrate  is  studied  as  a  novel  high  capacity  anode  material 
for  lithium-ion  batteries,  and  its  electrochemical  properties  and 
physical  characterizations  are  examined. 

2.  Experimental 

Cu(N03)2-2.5H20  (Aladdin  Chemistry)  was  purchased  with 
analytical  grade  and  used  as  received  without  further  purification. 
The  slurry  for  working  electrode  was  composed  of  Cu(N03)2  •  2.5H20, 
carbon  black,  and  polyvinylidene  fluoride  as  a  binder  with  a 
composition  of  4:1:1  in  N- methyl  pyrrolidinone  solvent.  Then  the 
slurry  was  coated  on  Cu-foil  collector  as  working  electrode  and  treat- 
treated  at  80, 120  and  160  °C  in  vacuum  for  12  h. 

The  electrochemical  cells  were  composed  of  copper  nitrate  hy¬ 
drate  electrode  as  working  electrode,  metallic  lithium  foils  as 
reference  and  counter  electrodes,  1  M  LiPF6  dissolved  in  ethylene 


carbonate-dimethyl  carbonate  (1:1  in  volume)  as  electrolyte,  and 
Whatman  glass  fiber  as  separator.  The  simulated  cells  were 
assembled  in  an  argon-filled  glove  box.  The  patterns  for  micro¬ 
structure  were  measured  by  Bruker  AXS  D8  Focus  X-ray  diffraction 
(XRD)  instrument.  The  surface  morphologies  were  observed  by 
Hitachi  S3400  scanning  electron  microscopy  (SEM).  Electro¬ 
chemical  characteristics  of  the  cells  were  recorded  by  multi¬ 
channel  Land  battery  test  system.  Electrochemical  impedance 
spectroscopy  (EIS)  analysis  was  carried  out  by  CHI  660D  electro¬ 
chemical  workstation  with  the  frequency  range  of  105— 1CT2  Hz. 
Thermogravimetric  (TG)  and  differential  thermal  analysis  (DTA) 
behaviors  of  the  original  and  lithiated  samples  were  investigated  by 
a  Seiko  TG/DTA  6300  apparatus  with  a  heating  rate  of  10  °C  min-1 
in  the  temperature  range  from  23  to  800  °C  under  argon 
atmosphere. 

3.  Results  and  discussion 

Fig.  la  shows  the  XRD  patterns  of  copper  nitrate  hydrate  heat- 
treated  at  different  temperatures.  As  seen  from  Fig.  1  a,  it  is  clear 
that  the  seven  strongest  peaks  at  18.82,  21.56,  21.99,  24.18,  29.64, 
30.29  and  33.90°  are  in  good  agreement  with  the  (110),  (-211), 
(211),  (-204),  (114),  (-404)  and  (314)  lines  in  the  JCPDS  card  No. 
75-1493  representing  the  compound  of  Cu(N03)2-2.5H20.  The  cell 
parameters  of  Cu(N03)2-2.5H20  are  a  =  16.45  A,  b  =  4.941  A 
c  =  15.96  A  and  (3  =  93.750°  with  a  space  group  of  12/a.  Fig.  la  also 
shows  the  XRD  patterns  of  copper  nitrate  hydrate  obtained  at  80, 
120  and  160  °C,  which  are  similar  to  the  original  pattern  before 
heat-treatment,  except  for  the  change  of  relative  intensity.  No  im¬ 
purity,  such  as  CuO  and  Q13N,  can  be  observed  in  Fig.  la. 

The  typical  TG-DTA  curves  of  commercial  Cu(N03)2-2.5H20  are 
characterized  in  the  argon  atmosphere  as  shown  in  Fig.  lb.  The 
obtained  profile  clearly  indicates  that  the  decomposition  process 
of  Cu(N03)2-2.5H20  proceeds  in  several  steps.  It  can  be  observed 
that  a  slight  weight  loss  of  0.7%  appears  between  23  and  200  °C, 
which  is  contributed  to  the  evaporation  of  absorbed  water  and 
the  partial  loss  of  crystallized  water.  An  abrupt  weight  loss  of 
31.3%  occurs  between  200  and  250  °C  from  the  TG  curves, 
assigning  to  the  total  loss  of  crystallized  water  and  the  following 
decomposition  of  Cu(N03)2  powders  into  CuO  and  gaseous 
products.  These  decomposition  steps  are  in  accordance  with 
those  suggested  by  I.V.  Morozov  [17]  and  can  be  expressed  by 
following  equations: 

Cu(N03)2  -2.5H20— ►Cu(N03)2  -H20  +  1.5H20t  (1) 

Cu(N03)2  •  H20  ^  Cu(N03)2  +  H20  T  (2) 

2Cu(N03)2^2Cu0  +  4N02T  +  02t  (3) 

Based  on  the  above  decomposition  process  and  XRD  results,  it  is 
clear  that  Cu(N03)2-2.5H20  may  lose  different  amounts  of  crys¬ 
tallized  water  after  heat- treatment  at  different  temperatures  (80, 
120  and  160  °C).  Therefore,  the  sample  heat-treated  at  different 
temperatures  should  be  defined  as  Cu(N03)2-2.5H20  for  80  °C  and 
Cu(N03)2  xH20  (x  <  2.5)  for  120  and  160  °C. 

Fig.  2a-f  compares  the  surface  morphologies  of  Cu(N03)2xH20 
(x  <  2.5)  samples  obtained  at  80,  120  and  160  °C.  It  is  clear  that 
distinct  difference  in  the  practice  size  appears  due  to  different  heat- 
treatment  temperatures.  After  a  heat- treatment  at  80  °C,  the 
sample  shows  the  aggregation  of  many  rod-like  particles  into 
bigger  secondary  particles.  The  size  of  rod-like  particles  ranges 
from  2.0  to  4.0  pm  as  observed  in  Fig.  2a  and  b.  Furthermore,  a  layer 
of  film-like  substance  is  covering  on  the  surface  of  samples  which 
makes  the  formation  of  larger  bulk  secondary  particles.  The 
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Fig.  2.  SEM  images  of  Cu(N03)2  xH20  (x  <  2.5)  samples  obtained  at  different  heat-treatment  temperatures,  (a,  b)  80  °C;  (c,  d)  120  °C;  (e,  f)  160  °C. 


continuous  film  disappears  after  the  heat-treatment  temperature 
increasing  to  120  °C,  and  many  cracks  appear  on  the  rough  surface 
of  the  huge  secondary  particles  as  shown  in  Fig.  2c  and  d.  Compared 
to  the  materials  heat-treated  at  80  and  120  °C,  the  sample  heat- 
treated  at  160  °C  becomes  smaller  irregular  particle  sizes  (0.1- 
0.8  pm)  as  shown  in  Fig.  2e  and  f.  It  suggests  that  Cu(N03)2  -xH20 
(x  <  2.5)  shows  cracks  at  120  °C  and  breaks  into  irregular  bulks  at 
160  °C.  As  a  result,  the  sample  obtained  at  160  °C  shows  larger 
specific  surface  area  for  Li+  ions  diffusion  than  that  of  the  materials 
heat-treated  at  80  and  120  °C. 

The  initial  three  discharge-charge  curves  for  Cu(N03)2-xH20 
(x  <  2.5)  samples  obtained  at  80, 120  and  160  °C  between  0.0  and 
3.4  V  are  shown  in  Fig.  3.  For  Cu(N03)2-2.5H20  prepared  at  80  °C, 
three  potential  plateaus  are  observed  at  1.6, 0.8  and  0.4  V  during  the 
first  discharge  process  as  shown  in  Fig.  3a.  These  potential  plateaus 
are  similar  with  those  delivered  by  samples  heat-treated  at  120  and 
160  °C  as  shown  in  Fig.  3c  and  e.  Flowever,  Cu(N03)2-xFl20  (x  <  2.5) 


prepared  at  160  °C  displays  another  short  potential  plateau  at  1.3  V, 
which  is  probably  attributed  to  the  effect  of  absorbed/crystallized 
water  and  surface  morphology  on  the  electrochemical  reactions 
between  Cu(N03)2-xFl20  (x  <  2.5)  and  Li  during  the  discharge 
process.  Besides,  different  solid  electrolyte  interface  (SEI)  film 
formed  in  the  initial  discharge  and  different  electrochemical  po¬ 
larization  also  lead  to  the  variation  of  potential  plateaus.  In  the 
following  discharge  process,  there  is  a  long  potential  plateau 
remaining  at  0.8  V  for  all  the  three  samples. 

For  the  delithiation  process,  Cu(N03)2  •  2.5H2O  prepared  at  80  °C 
exhibiting  a  long  potential  plateau  at  2.8  V,  which  is  different  with 
those  displayed  by  Cu(N03)2  xFl20  (x  <  2.5)  obtained  at  120  and 
160  °C.  As  the  temperature  increase,  the  charge  curves  for 
Cu(N03)2  xH20  (x  <  2.5)  prepared  at  120  and  160  °C  show  several 
additional  short  delithiated  plateaus,  which  appear  at  2.6  and  2.9  V 
in  Fig.  3c,  and  2.4  and  2.8  V  in  Fig.  3e.  These  differences  can  be 
attributed  to  the  different  surface  morphologies  and  absorbed/ 
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Fig.  3.  Charge-discharge  curves  and  corresponding  cycling  properties  of  Cu(N03)2-xH20  (x  <  2.5)  electrodes  obtained  at  different  heat-treatment  temperatures,  (a,  b)  80  °C;  (c,  d) 
120  °C;  (e,  f)  160  °C. 


crystallized  water  contents  of  samples  obtained  at  different  heat- 
treatment  temperatures.  As  shown  in  Fig.  3a,  c  and  e,  it  can  be 
observed  that  the  first  discharge  capacities  of  Cu(N03)2-xH20 
(x  <  2.5)  samples  prepared  at  80, 120  and  160  °C  are  2269.5,  2282.2 
and  2164.1  mAh  g-1,  respectively.  Obviously,  the  initial  discharge 
capacity  of  Cu(N03)2-xH20(x  <  2.5)/Li  cell  is  much  higher  than  the 
original  discharge  capacity  of  CuO  [18]  or  CuN  [12].  However,  the 
lithium  storage  capacities  of  Cu(N03)2-xH20  (x  <  2.5)  electrodes 
heat-treated  at  80, 120  and  160  °C  decrease  sharply  to  the  values  of 
1667.0, 1594.5  and  1545.2  mAh  g_1  in  the  second  discharge  process, 
respectively.  The  decomposition  of  the  electrolyte  to  form  SEI  film 
and  the  pulverization  of  active  materials  (as  shown  in  Fig.  4)  during 
conversion  reaction  process  may  be  the  main  reasons  for  the  irre¬ 
versible  capacity  loss. 

The  cycling  performance  of  Cu(N03)2-xH20  (x  <  2.5)  electrodes 
obtained  at  different  heat-treatment  temperatures  are  evaluated  at 
a  constant  current  density  of  50  mA  g-1  between  0.0  and  3.4  V  and 


the  electrochemical  results  are  shown  in  Fig.  3b,  d  and  f.  It  can  be 
found  that  there  are  high  initial  reversible  charge  capacities 
reaching  1632.1,  1446.7  and  1549.3  mAh  g_1  for  Cu(N03)2xH20 
(x  <  2.5)  electrodes  heat-treated  at  80, 120  and  160  °C,  respectively. 
The  reversible  specific  capacity  in  the  first  discharge-charge  pro¬ 
cess  for  Cu(N03)2  xH20  (x  <  2.5)  electrode  is  higher  than  the 
theoretical  capacity  of  CuO  (670  mAh  g_1).  However,  the  capacity 
losses  for  Cu(N03)2-xH20  (x  <  2.5)  electrodes  heat-treated  at  80, 
120  and  160  °C  are  637.4,  835.5  and  596.8  mAh  g-1,  respectively, 
due  to  the  formation  of  SEI  layer  and  the  pulverization  of  active 
materials  as  shown  in  Fig.  4.  Moreover,  the  reversible  charge  ca¬ 
pacities  of  Cu(N03)2  xH20  (x  <  2.5)  electrodes  heat-treated  at  80 
and  120  °C  decrease  sharply  to  the  values  of  102.8  and 
52.5  mAh  g_1  after  30  cycles,  respectively,  indicating  poor  cyclic 
performance  as  shown  in  Fig.  3b  and  d.  The  rapid  deterioration  of 
the  reversible  capacity  is  attributed  to  the  huge  volume  changes 
during  cycles.  As  a  results,  some  Cu(N03)2-xH20  (x  <  2.5)  particles 
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Fig.  4.  SEM  images  of  Cu(N03)2  xH20  (x  <  2.5)  electrodes  obtained  at  different  heat-treatment  temperatures  before  ((a)  80  °C;  (c)  120  °C;  (e)  160  °C)  and  after  ((b)  80  °C;  (d)  120  °C; 
(f)  160  °C)  cycles. 


lose  electronic  contacts  and  do  not  take  part  in  the  following  cycles. 
For  comparison,  Cu(N03)2  -xH20  (x  <  2.5)  electrodes  heat-treated  at 
160  °C  show  higher  reversible  capacity  and  better  cycling  capability 
as  shown  in  Fig.  3f.  After  30  cycles,  a  reversible  capacity  of 
597.6  mAh  g_1  can  be  delivered.  The  improved  cycling  perfor¬ 
mances  can  be  ascribed  to  the  homogeneous  structure  and  highly 
dispersion  particles  obtained  at  160  °C.  Besides,  owing  to  the 
change  of  surface  morphology,  the  charge  transfer  resistance  (Rc t) 
calculated  from  EIS  pattern  decreases  from  200  Q  for  sample  heat- 
treated  at  80  °C  to  96  Q  for  sample  obtained  at  160  °C  as  shown  in 
Fig.  5.  This  result  is  consistent  with  the  excellent  calendar  cycling 
life  and  high  reversible  specific  capacity  for  Cu(N03)2  xFl20 
(x  <  2.5)  electrode  obtained  at  160  °C  as  expressed  in  Fig.  3f.  It 


suggests  that  the  formed  structure  and  surface  morphology  at 
160  °C  are  beneficial  to  the  migration  of  lithium  ions  and  structural 
stability. 

To  study  the  thermal  stability  of  lithiated  Cu(N03)2-xH20 
(x  <  2.5)  samples,  the  TG-DTA  curves  are  taken  after  the 
Cu(N03)2-xH20(x  <  2.5)/Li  cells  were  discharge  to  0.0  V.  Fig.  6a,  b 
and  c  shows  the  thermal  stabilities  of  lithiated  Cu(N03)2-xH20 
(x  <  2.5)  materials  obtained  at  80, 120  and  160  °C,  respectively.  It 
is  clear  that  the  thermal  reaction  curves  display  similar  behaviors 
with  the  rising  of  heat-treatment  temperature.  According  to  the 
thermal  behaviors,  it  can  be  found  that  the  decomposition  pro¬ 
cess  of  lithiated  samples  displays  four  steps.  As  observed  by  the 
TG  curve,  there  are  four  weight  losses  at  20-99  °C,  99-178  °C, 
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Fig.  5.  Electrochemical  impedance  spectra  and  corresponding  equivalent  circuit  of 
Cu(N03)2-xH20  (x  <  2.5)  electrodes  obtained  at  different  heat-treatment  temperatures 
in  a  frequency  range  of  105-10-2  Hz. 


178-320  °C  and  320-600  °C,  respectively.  The  observed  weight 
loss  of  4.74%  at  20-99  °C  may  be  attributed  to  the  volatilization  of 
electrolyte  and  water  generated  by  the  decomposition  of 
Cu(N03)2-xH20  (x  <  2.5)  during  discharging  to  0.0  V.  According  to 
previous  studies  [19-21],  the  weight  loss  of  8.65%  between  99 
and  178  °C  may  be  ascribed  to  the  decomposition  of  SEI  layers. 
Besides,  the  endothermic  peak  at  around  150  °C  are  correlated  to 
the  decomposition  of  ROC02Li  into  ROLi  and  C02  [22].  After  that, 
the  exothermic  peak  at  290.1  °C  in  the  DTA  curve,  corresponding 
to  the  weight  loss  of  10.53%  in  178-320  °C  as  deduced  from  the 
TG  curve,  may  be  due  to  the  decomposition  of  ROLi  and  LiPF6  and 
the  formation  of  Li2C03  and  LiF  [23].  Moreover,  the  weight  loss  of 
5.46%  between  320  and  600  °C  in  the  TG  curves  should  be 
attributed  to  the  decomposition  of  final  products  generated  after 
discharging  to  0.0  V,  such  as  LiN03.  Compared  with  these  results, 
it  is  obvious  that  Cu(N03)2xH20  (x  <  2.5)  electrode  obtained  at 
160  °C  in  Fig.  6c  shows  less  total  weight  loss  (13.6%)  than  that  of 
the  other  two  discharged  samples,  in  which  the  total  weight  loss 
reaches  to  the  values  of  30.9%  (80  °C)  and  29.1%  (120  °C)  as  shown 
in  Fig.  6a  and  b.  Moreover,  the  sample  obtained  at  160  °C  shows 
much  weaker  endothermic  and  exothermic  peaks  than  those 
appeared  on  the  samples  heat-treated  at  80  and  120  °C.  This 
result  demonstrates  that  Cu(N03)2  xH20  (x  <  2.5)  electrode  ob¬ 
tained  at  160  °C  has  higher  thermal  stability  than  other  two 
samples. 


4.  Conclusions 

A  novel  nitrate  compound,  copper  nitrate  hydrate,  is  reported 
for  the  first  time  as  a  probable  lithium  storage  candidate.  The 
impressive  characteristic  of  the  Cu(N03)2  xH20(x  <  2.5)/Li  cells 
over  common  graphite/Li  cells  may  be  the  fact  that  the 
Cu(N03)2  xH20(x  <  2.5)/Li  cells  exhibit  much  higher  initial 
discharge  capacity  of  about  2200  mAh  g-1  at  a  constant  current 
density  of  50  mA  g-1.  The  heat-treatment  of  Cu(N03)2-2.5H20  re¬ 
sults  in  the  variation  of  surface  morphology,  crystal  water  and 
particles  size.  It  is  clearly  observed  that  Cu(N03)2  xH20  electrode 
obtained  at  160  °C  can  deliver  a  higher  reversible  specific  capacity 
of  597.6  mAh  g-1  after  30  cycles  than  that  of  the  samples  heat- 
treated  at  80  and  120  °C.  Moreover,  Cu(N03)2  xH20  (x  <  2.5) 
electrode  also  show  high  thermal  stability  as  a  safe  anode  according 


Temperature  (°C) 


Temperature  (°C) 

Fig.  6.  TG-DTA  curves  of  Cu(N03)2-xH20  (x  <  2.5)  electrodes  obtained  at  different 
heat-treatment  temperatures  after  a  discharge  process  to  0.0  V.  (a)  80  °C;  (b)  120  °C; 
(c)  160  °C. 

to  the  thermal  behaviors  of  lithiated  samples.  Therefore, 
Cu(N03)2  xH20  (x  <  2.5)  obtained  at  160  °C  exhibits  its  advantage 
and  will  be  a  suitable  anode  material  for  lithium-ion  batteries. 

Acknowledgments 

This  work  is  sponsored  by  National  863  Program  (2013AA050901 ) 
and  National  Natural  Science  Foundation  of  China  (No.  51104092). 
The  work  is  also  supported  by  K.C.  Wong  Magna  Fund  in  Ningbo 
University. 


I<.  Wu  et  al.  /  Journal  of  Power  Sources  248  (2014)  205-211 


211 


Appendix  A.  Supplementary  data 

Supplementary  data  related  to  this  article  can  be  found  at  http:// 
dx.doi.org/10.1016/j.jpowsour.2013.09.079. 
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